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Random spin-exchange collisions in warm alkali vapor cause rapid decoherence and act to equilib- 
riate the spin state of the atoms. In contrast, here we demonstrate experimentally and theoretically 
a coherent coupling of one alkali specie to another specie, mediated by these random collisions. We 
show that, the minor specie (potassium) inherits the magnetic properties of the dominant specie (ru¬ 
bidium), including its lifetime (Ti), coherence time (T 2 ), gyromagnetic ratio, and SERF magnetic- 
field threshold. We further show that this coupling can be completely controlled by varying the 
strength of the magnetic field. Finally, we explain these phenomena analytically by modes-mixing 
of the two species via spin-exchange collisions. 


Collisions in a warm alkali vapor relax the quantum 
spin-state of the atoms. These collisions usually consist 
of a few spin-destruction collisions, limiting the lifetime 
( Ti ), and of rapid spin-exchange collisions, limiting co¬ 


herence times (T 2 ) 


Reduced coherence times affect 


the performance of many vapor physics applications, such 

4[, and high- 


as 


atomic clocks |(2|, optical memories 


field magnetometers 


qpti 

B- 


However, the spin-exchange 


(SE) relaxation can be completely eliminated at a regime 
known as spin-exchange relaxation-free (SERF) [6|,|7|, al¬ 
lowing the realization of vapor-based ultra-sensitive mag¬ 
netometers jg, ;9j. At other regimes, SE collisions can be 
utilized to incoherently transfer polarization between dif¬ 
ferent atomic states |10L ll| . as is widely used in the pro¬ 
duction of hyper-polarized noble gases for medical imag¬ 
ing [il3 |. spin-polarized targets [13], and precision mea¬ 
surements [H, 15|. The incoherent transfer of polariza¬ 
tion via SE collisions was also demonstrated in a hybrid 
system of two alkali species {jjl, d 7], improving magne- 
tometery sensitivity by optically pumping one specie at a 
given optical-depth and monitoring the other [18| . How¬ 
ever, the coherent effects of the SE collisional interaction 
between different species of alkali atoms have never been 
investigated. 


In this Letter, we demonstrate a coherent coupling of 
two alkali species, potassium (K) and rubidium (Rb), 
induced by random SE collisions. The strength of the 
coupling is controlled by the strength of the magnetic 
field. We show that at small magnetic fields, the cou¬ 
pling is strong and the K atoms inherit the magnetic 
properties of the Rb, including its gyromagnetic ratio 
( g ) and long coherence-time (X 2 ). Furthermore, the life¬ 
time (Ti) of the K atoms become that of the Rb, and 
the SERF magnetic-field threshold is shown to improve 
by an order-of-magnitude, corresponding to that of Rb. 
We analytically explain these phenomena by SE-induced 
hybridization of the quantum state of the two species. 


When two alkali species co-exist in a vapor cell, each 
atom collides with atoms of its own specie (S) at a rate 
and with atoms of the other specie (S’) at a rate 
i?|” s . Achieving strong coupling between the species 


requires that i?| B s governs the dynamics of S, exceed¬ 
ing both f?!” s and the Larmor precession rate oj s . The 
rate i?| B s = vp depends on the mean thermal 

velocity vp, the alkali-alkali SE cross-section cr| B ’, and 
the density ?z s >. For Rb and K, the mutual cross-section 
<7 Rb_K « 2 • 10“ 14 cm -2 is similar to the self cross-sections 
(7 ,A k = 1.5 • 10 -14 cm -2 and cr Rb ' Rb = 1.9 • 10 -14 cm -2 
[19j. When the two alkali drops are not mixed, the Rb 
vapor density n Rb is 10 times higher than the K den¬ 
sity n K i-2C|- That is, the SE rate experienced by the K 
is predominantly determined by the collisions with Rb, 
f? 3 E Rb ~ 10f?g B K , whereas the Rb is only weakly affected 
by the presence of the K since I? Rb ' Rb ~ 10I? Rb ' K . Thus, 
at high SE rates the K dynamics will be significantly af¬ 
fected by the presence of the Rb. 

To probe the magnetic coherence of the two species 
we use a single pump and two probe beams as shown in 
Fig. [D We use a spherical cell of radius 0.5” with natu¬ 
ral abundance of Rb (72% S5 Rb and 28% 87 Rb) and K, 
in two separate drops. The cell is heated to a tempera¬ 
ture of T = 95° C , corresponding to number densities of 
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Figure 1. Schematics of the experimental setup. The K atoms 
are initially polarized by a <j+-polarized pumping beam. The 
polarization rotation of two linearly-polarized beams (770 nm 
and 795 nm) is measured to probe the atomic spin precession 
of both K and Rb atoms, after a magnetic field B z is applied. 
BS: non-polarizing beam splitter. 
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Figure 2. Typical measurement of F y (the y component of 
the spin) for K and Rb. At low magnetic fields (top), the 
two species are coherently coupled- oscillate and decay at the 
same rate, while at high magnetic fields (bottom), they are 
decoupled- oscillate and decay differently. 


n Rb ~ 4 • 10 12 cm -3 and n K ~ 4 • 10 11 cm -3 . We reduce 
radiation trapping and collision rate with the cell walls by 
introducing 200 torr of buffer gas. The magnetic field 
is controlled by shielding the cell with /x-metal cylinders 
and three perpendicular Helmholtz coils. We optically 
pump the K using a circularly-polarized laser beam at 
770 nm along the x direction. The beam is wider than 
the cell with intensity of 1 rnW/cm 2 , tuned to the D 1 ab¬ 
sorption peak. During the pumping, the K atoms pump 
the Rb atoms via SE collisions. We then switch off the 
pumping light and apply a magnetic field Bz. Conse¬ 
quently, both Rb and K spins precess around the mag¬ 
netic field while decaying due to the various relaxation 
mechanisms in the cell. We monitor this precession by 
measuring the optical rotation of linearly-polarized probe 
beams at 770 nm and 795 nm, close to resonance with 
the K and Rb, respectively. We ensure that the probes 
do not induce relaxation by using moderate intensities 
(I Rb = 1 mW/cm 2 , I K = 10 mW/cm 2 ) and detuning from 
the D1 line [A.p Rb = 25 (27t)GHz, Ai/ k = 15(27t)GHz], 
As a reference, we measured the magnetic coherence of 
K in a similar cell, without Rb. 

A typical measurement of the optical rotation signals 
at low and high magnetic fields is shown in Fig. [2] At 
high magnetic fields, the two species are weakly coupled 
and oscillate at different frequencies w K = 1.5 • Wm,, cor¬ 
responding to their natural gyromagnetic ratios |G], 


Ai-BSs i 

H ( 2 / + 1 ) ’ 


(1) 


where ha Rb = 5/2, I K = and g s = 2. However 
at low magnetic fields, the two species are strongly cou¬ 
pled and thus precess at the same frequency and have 
the same decoherence rate. The frequencies and deco- 
lierence rates were determined by fitting each signal to 
the simple model / = ]T \_ ± 2 de~ Tit sin (uiit + tpi) assum¬ 
ing that and (fii are constants. We note that the 

180° phase between the signals results from the counter- 
propagating arrangement of the probing beams. The 



Figure 3. (a). Measured gyromagnetic ratios g = co/B z of 
Rb (black) and K (red) in the hybrid cell. The K inherits the 
precession rate of Rb at low magnetic fields. The measured 
g of K in a reference cell without Rb is shown for compari¬ 
son (blue), (b) Measured decoherence rate T = I/T 2 of the 
two species. T K is significantly improved at low magnetic 
fields. Both species experience SERF at the same magnetic- 
field threshold, 10 times higher than the threshold of K with¬ 
out Rb. The solid lines are the analytically-calculated values. 


beating of the Rb signal (Fig. [2] bottom) originated from 
the presence of the 8 'Rb isotope, and its effect on the 
K dynamics is discussed in the supplemental material 
[2l| . At low and at high magnetic fields, each signal has 
a single dominant precession rate w, with a correspond¬ 
ing decoherence rate Tj. Therefore in these regimes, we 
identify for each specie the dominant precession rate w K , 
w Rb and decoherence rate T K , T Rb , shown in Fig. [3] 

The coherent coupling is demonstrated in Fig. 
by examining the precession rates of the two species. 
While the gyromagnetic ratio of the Rb is practically 
unaffected by the presence of the K (corresponding to 
its normal SERF behavior EQ), the K dynamics is 
strongly influenced by the Rb. At high magnetic fields, 
the K is well decoupled and precesses at its natural 
rate, g = 0.7 (27r)MHz/G. However, at low magnetic 
fields, the coupling is strong and the K precesses at 
the gyromagnetic ratio of Rb, g = 0.26 (27t)MHz/G, 
and not at its natural low-field precession rate E0, 
g = 0.46 (2tt)MHz/G. 

To investigate the transition between the coupled and 
uncoupled states of the two species, we show in Fig. 0] 
the spectral dependence of the signals on the applied 
magnetic field. We plot the FFT of the measured sig¬ 
nals at different magnetic fields using a normalized scale 
(ui —> ui/B z ) corresponding to the gyromagnetic ratio g 
(for visualization purposes, we replace with zero the FFT 
around g = 0). At high and low magnetic fields, the 
physics is exactly the same as in Fig. [3]i: the two species 
share the same gyromagnetic ratio (that of the Rb) at 
low fields, while reaching their normal different values at 
high magnetic fields. However at intermediate fields, the 
K precesses at a combination of two frequencies, both 
at its natural precession rate and at the rate of 85 Rb 
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trix of each specie s can be simplified by decompos¬ 
ing p s into a two block diagonal form p s = p s a + p%, 
where a = I s + 1/2 denotes the higher hyperfine level 
and b = I s — 1/2 the lower one [22|. The Larrnor co¬ 
herence can be described by the transverse spin vector 
(F£) = —F® + *F® = F® + + F b s + , where we omit the 
brackets () for brevity. In the absence of the mutual SE 
interaction, the dynamics of FI for each specie is given 
by HU 


Figure 4. Spectral content of the measured signals as a func¬ 
tion of the magnetic field. The vertical axis is scaled to mea¬ 
sure the gyromagnetic ratio. The Rb precesses at a single rate 
(left) while the K inherits the rate of the Rb at low fields. The 
the theoretical g is plotted in dashed lines. 


(most clearly visible at B z =3 mG, red arrow in Fig. |4|. 
The nature of this transition can not be explained by 
a mere shift in the slowing-down-factor since the K dy¬ 
namics consists of two distinct frequencies. Thus, the 
minor specie (K) is coherently coupled to the dominant 
specie (Rb) at low magnetic fields by SE collisions, and 
the coupling strength is controlled by the magnitude of 
the magnetic field. 

This coherent coupling alters significantly other im¬ 
portant properties of the K. While the relaxation rate 
r^b ( B z ) is unaffected by collisions with K (SE relaxation 
is eliminated at w Rb < f? Rb " Rb 0 ; as if the K is absent), 
the relaxation rate T k ( B z ) is inherited from the Rb, 
as shown in Fig. [SJd. Consequently, the relaxation rate 
Tic ( B z ) decreases dramatically at low magnetic fields, 
in comparison to a cell without Rb. The elimination of 
relaxation of the K atoms appears at w K < f? Rb ' K , i.e. 
at magnetic fields 10-times higher (less stringent) than 
those required without the Rb, w K < f? R E K . Thus, the 
dominant specie (Rb) drives the minor specie (K) into 
SERF at the magnetic-field threshold of the dominant 
specie. At high magnetic fields, the relaxation of the 
minor specie is increased due to mutual SE collisions. 
Furthermore, we measure an identical lifetime of both 
species (T) = 86 ± 1 msec). Via collisions, the K inher¬ 
its the lifetime of the Rb incoherently, as theoretically 
explained for different isotopes in ET Since the spin de¬ 
struction is dominated by electron-randomizing collisions 
( e.g ., anisotropic collisions with N 2 ), the K benefits from 
the larger nuclear spin reservoir of the Rb. Therefore, 
through collisional induced coherent coupling, the minor 
specie (K) inherits the magnetic properties of the domi¬ 
nant specie (Rb), including its precession rate, decoher¬ 
ence rate, lifetime, and SERF magnetic field threshold. 

To understand the nature of the coherent coupling, 
we solve the coupled Liouville equations describing the 
dynamics of the system. Due to frequent SE colli¬ 
sions, the coherence between the two hyperfine levels de¬ 
cays rapidly. Therefore, the ground-state density ma- 


d 

dt 



< V s \ 
V s xt) 


( 2 ) 


where g s is the gyromagnetic ratio of each specie [Eq. JIJ)], 
f?!” s is the spin-destruction rate, and the constant coef¬ 
ficients Wa,wl,Xa,xl,y s ,z s are given in [21], depending 
on the nuclear spin I s only. The SE coupling between the 
two species supplements Eq. @ by inducing the coupling 
interaction 


d_ 

dt 



coupling 




( 3 ) 


where F + denotes the 4-component vector F + = 

( F a+, Bb+ > F a +, F b+) and ^ is the 4x4 linearized SE 
coupling matrix, given by 



(^ 


( 

Z Rb 

/^yRb 

0-11 

Gf 2 b \ 

diag 

F Rb - K 
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[Gf 2 

wm 

U 22 

Z K 

< / 


(4) 


Here, the constants G® 1; G® 2 , G 21 , G 22 depend on / Rb and 
Ik only 0- Qualitatively, this coupling interaction has 
two major effects on the dynamics of the vapor. First, 
it increases the effective spin-destruction rate of the two 
species, by f? Rb - K for the Rb and f? R E Rb for the K, as can 
be seen by the block-diagonal elements in Eq. (|4]). Sec¬ 
ond, since f?s E ab f?g E K ,Fg D K , the coupling through the 
coefficients Gf„ becomes the dominant collisional interac- 
tion for the K, while the coupling experienced by the Rb 
is weak, since f? Rb - K <C F Rb " Rb . At low magnetic fields, 
f? R E Rb is the dominant rate for the K spins, which there¬ 
fore respond to the precession of the Rb spins as forced 
oscillations and inherit the Rb magnetic properties. At 
the same time, the Rb dynamics remain unaffected by 
the K. 

To quantitatively describe this coupling, we solve the 
two coupled Eqs. by diagonalizing the 4x4 matrix 

and calculating the eigenvalues A i of the four eigenmodes 
|Ai). Each spin component of F^ can be spanned by the 
eigenmodes, 


F* + (i) = F* + (0)5>ye^, (5) 

3 =1 
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Figure 5. Theoretical results. Top: Decoherence rates 
—Re (A) (left) and gyromagnetic ratios Im(A /B z ) (right) of 
the four eigenmodes. The decoherence rate Ti vanishes at 
low magnetic fields due to SERF. Bottom: The coupling co¬ 
efficients pij of the four spin components. At high magnetic 
fields, the spins of K and 85 Rb consist of a single mode; at 
low fields, the spins consist of all modes, and thus share their 
coherence. 


where the coefficients pij satisfy the normalization con¬ 
dition = 1 - The decoherence rates and gy¬ 

romagnetic ratios of the eigenmodes, corresponding to 
Ti = — Re(Aj) and gt = lvci(\i/B z ) respectively, are 
shown in Fig. 0 (top). At high magnetic fields, the gy¬ 
romagnetic ratios g\ = —<74 = 0.47 (27r)MHz/G corre¬ 
spond to the precession rate of 85 Rb, while g 2 = — g 3 = 
0.7 (27t)MHz/G correspond to the rate of K [Eq. (fTj)]. The 
sign of g corresponds to the co-rotation of the upper hy- 
perfine level (a) for a positive value and counter-rotation 
of the lower level ( 6 ) for a negative value. Fi remains 
the lowest decay rate of the system at all magnetic fields. 
As the magnetic field is lowered, Fi ( B ) decreases (ex¬ 
periencing SERF), and consequently |Ai) becomes the 
dominant eigenmode. 

To infer the dynamics of the atoms, we plot the co¬ 
efficients of each specie in Fig. [5] (bottom). At high 
magnetic fields, the eigenmodes are well resolved, cor¬ 
responding to |Ai) for F 0 R |, |A 2 ) for F* + , |A 3 ) for F£ + , 
and | A 4 ) for F£t. Consequently, the different hyperfine 
levels remain resolved, such that each magnetic coher¬ 
ence rotates at its natural rate gi . As the magnetic 
field is lowered, F(|_ becomes a mixture of the four differ¬ 
ent modes, inducing mixing between the different hyper- 
fine levels of both species. Since at low magnetic fields 
Ti -C r 2 ,r 3 ,r 4 , eigenmode |Ai) dominates; The K and 
Rb spins precess and decay at the same rate and expe¬ 
rience SERF at the Rb’s transition rate. This common 
effectively-single eigenmode shows that, at low magnetic 
fields, the two species hybridize by the SE interaction. 
At intermediate magnetic fields, Fi increases and more 
eigenmodes become important, resulting in multiple de¬ 
coherence and precession rates for each specie, especially 
for the minor one (K) . At this transition regime, the high 
decoherence rates Tj > u>i — uij broaden the spectral pro¬ 
file of the signals, as observed in Fig. 01 


To compare with the experiment, the theoretical deco¬ 
herence rate and gyromagnetic ratio are plotted in Figs. [3] 
and 01 These parameters were evaluated from Eq. ©, 
while taking into account the presence of 87 Rb in our ex¬ 
periment [ 2 l|, without any free parameters. r Rb is almost 
unaffected by the presence of K and has a single decoher¬ 
ence rate and gyromagnetic ratio at any magnetic field. 
The K is governed by a single mode at low and high mag¬ 
netic fields and by multiple modes at intermediate fields. 
Therefore at this region, we do not associate a single T K 
and show the two dominant frequencies in Fig. 0 ] Our 
theoretical model, appears to fully describe the physics 
of the interaction and the hybridization of the species. 

The SE-hybridization of different alkali species might 
be utilized in magnetometery and quantum-information 
applications. In magnetometery, one can benefit from 
the SERF properties of the dominant specie while moni¬ 
toring the state of the minor specie, especially when ap¬ 
plied in hybrid magnetometers schemes |l 8 | using a sin¬ 
gle laser. For quantum-information applications, the hy¬ 
bridization could introduce a new mechanism to interface 
vapor-based quantum memories. 

In conclusion, we have shown that random SE colli¬ 
sions coherently couple two different alkali species. The 
coupling strength is controlled by the magnitude of the 
magnetic field. At low magnetic fields, a minor specie is 
strongly coupled to the dominant specie and as a result 
inherits the magnetic properties of the dominant specie, 
such as the coherence-time and gyromagnetic ratio. At 
intermediate magnetic fields, we measure a unique re¬ 
sponse of the minor specie, consisting of two precession 
rates. At high magnetic fields, the two species become 
decoupled. We explain these phenomena by showing an¬ 
alytically that, by lowering the magnetic field, the minor 
specie starts sharing the main eigenmode of the domi¬ 
nant specie. This effect may be utilized in different mag¬ 
netometery and quantum-information schemes. 
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